An overview is given about experiments with a new method for Q-switching lasers at a constant pulse repetition frequency. It uses inside the laser resonator a Single Crystal Photo-Elastic Modulator (SCPEM). This consists of one piezo-electric crystal electrically excited on a mechanical resonance frequency. In resonance mechanical stresses are induced that lead via the photo-elastic effect to a strongly modulated birefringence. Polarized light going through such an oscillating crystal will experience a significant modulation of its polarization and of transmission through a polarizer. Suitable materials should not be optically active, as it is for example the case for SiO 2 , and should allow the excitation of a longitudinal oscillation with an electric field perpendicular to the travelling direction of the light. Crystals of the group 3m, like LiTaO 3 and LiNbO 3 , proved to be ideally suited for SCPEMS for the NIR-and VIS-region. For the infrared GaAs can be used. We demonstrated SCPEM-Q-switching for a Nd:YAG-fiber, a Nd:YVO4-slab-and a Nd:YAG-rod-laser with typical pulse repetition rates of 100-200kHz, pulse enhancement factors of ~100 and pulse durations ~1/100 of the period time. Typically the average power during pulsed operation is nearly the same as the cw-power, when the modulator is switched off. The most stable results were achieved up to now with the Nd:YVO4-slab-laser at 10W average power, 1.1 kW peak power, 127 kHz pulse repetition rate, and 70ns pulse durations.
INTRODUCTION
Q-switching of lasers is of utmost importance for many applications in manufacturing and medicine. For active Qswitching usually electro-optic [1, 2] or acousto-optic switches [3, 5] are used. Passive Q-switching is based on saturable absorbers [4] . The use of photo-elastic modulators [6] is an active method, which has the advantage of simplicity and the disadvantage of a fixed pulse repetition frequency like passive Q-switching.
A single crystal photo-elastic modulator (SCPEM) is made of one piezo-electric crystal, which is electrically excited on one resonance frequency. Due to photo-elasticity the deformation of the crystal during oscillation produce an artificial modulated birefringence that modulates the polarization of light in a way that the transmission through crossed polarizes is rapidly switched between 0 and 100%. With a simple feed-back loop to an amplifier the excitation is trivial and needs voltage amplitudes in the range of only ~5V.
PHOTO-ELASTIC MODULATORS
A classical photo-elastic modulator consists of a piece of glass (e.g. SiO 2 , CaF 2 , ZnSe), on which a piezoelectric transducer made of SiO 2 is glued [7, 8] . Both pieces are tuned to the same longitudinal eigen-frequency such that when the transducer is electrically excited on this frequency, the whole assembly starts to oscillate with high amplitude in a longitudinal mode. Now due to the photo-elastic effect an artificial birefringence is induced in the initial isotropic glass such that it acts as a wave plate with temporally varying retardation. Hence the polarization of light will be modulated.
An obvious disadvantage of the above described scheme is the need for precise adjustment of the frequencies of both pieces. It is therefore desirable to use the induced birefringence of the piezo-electric transducer itself for polarization modulation, i.e. the light is guided through this part and there would be no need to use an additional optical piece of glass. Unfortunately crystalline SiO 2 (crystal class 32) as used for the transducer has a large optical activity and changes therefore the polarization in an undesired way, even if there is no oscillation [9] . Hence we suggest the crystal class 3m to which the well-known LiNbO 3 and LiTaO 3 belongs [9, 10] . It shows no optical activity and can be transversely excited. In fact a similar crystal orientation like in Pockel's cell can be used. The important difference is that the dimensions are chosen in a way such that a clean longitudinal oscillation is possible (Fig. 1) . Besides the x-longitudinal mode shown in Fig. 1 , the crystal offers many further eigenmodes and corresponding eigenfrequencies [11, 12] . One important eigenmode is the first yz-shear mode. This shows much higher current amplitude in resonance than the first x-longitudinal eigenmode. It influences polarization in the same way but quantitatively the effect is by a factor ~3 smaller. The frequency is mainly governed by the z-dimension of the crystal. With the proper dimensions the shear oscillation can have a frequency, which is three times higher than the frequency of the x-longitudinal mode. Note that the third longitudinal harmonics cannot be used for the purpose described here, since its frequency is not exactly three times the basic frequency. This would only hold for extremely small lateral dimension (y-& z-direction) of the crystal [13] .
Now the x-dimension of the crystal can be adjusted by polishing such that
with Δf 1 …FWHM-bandwidth of the longitudinal resonance. This gives the possibility to excite two different eigenmodes simultaneously in a coherent way. The driving circuit fixes the higher excitation frequency with a PLL to f 3 1 and additionally generates with a frequency divider a second voltage course with frequency f 3 /3 which is applied to the crystal electrodes, too. The amplitudes of both harmonic courses and the phase difference can be independently adjusted.
With a proper adjustment very sharp transmission peaks can be achieved, when a 45°-polarizer (parallel to the input polarization) is placed behind the crystal in the setup sketched in Fig.1 . To explain that we need to define the retardation:
where λ is the wavelength, L is the optical interaction length (crystal z-dimension) and n 1 , n 2 are the temporally varying refractive indices for x-and y-polarized light. These can be calculated via the time dependent strains ε 1 …ε 6 and the photo-elastic coefficients p 11 …p 66 [9, 10] .
Obviously all connections between the variables U (driving voltage), ε, Δn, δ are linear. Hence a harmonic excitation at the resonance frequency f 1 will generate a harmonic retardation course
where ω 1 = 2π f 1 and A is the amplitude of the retardation course. For the polarization course sketched in Fig. 1 A = λ/2 holds. In fact δ is for the first longitudinal eigenmode directly proportional to the motion of the yz-surfaces in x-direction.
If a polarizer oriented at 45° is placed behind the SCPEM and 45° linear polarized light is sent on the configuration, the transmission T can be calculated by [1] ⎟ ⎠
If Eq. 2 is put into Eq. 3 with A = λ/2 a temporal transmission course as shown in Fig. 2 (left graph) is achieved. 
can be achieved (ω 3 = 2π f 3 ). This contains the first two terms of the Fourier-series of a square wave function and it requires a voltage course of the form
The phase shift γ depends on the frequency mismatch |3f 1 − f 3 |. If the latter is zero, γ is 180° since Δn has opposite sign for the two eigenmodes. Experimentally U 1 (typically < 10 V) and γ are simply adjusted until the transmission course in Fig. 2 (right graph) is achieved, that belongs to the retardation course in Eq. 4. Clearly the transmission peaks are much sharper than for single mode. This is due to the much faster transition through zero retardation with this excitation scheme. Only zero retardation allows full transmission. The transmission courses in Fig. 2 are experimentally well verified as shown in Fig. 3 . In Fig. 3 the sharper peaks of dual mode operation are nicely shown. Note further, that in one period the crystal crosses its undeformed shape twice; hence two transmission peaks happen every period. Here one serious problem can be seen, , namely a certain asymmetry between the two off-times of one period. In principle this can be avoided by a proper adjustment of phase and amplitude of the two excitations but in praxis it proofs to be difficult to achieve satisfying results. It may be due to this asymmetry that up to now no really satisfying demonstration of Q-switching with dual mode operation was realized.
SCPEM-Q-SWITCHING OF A FIBER LASER
A schematic diagram of the experimental setup [14] is shown in Fig. 4 . It is based on a Nd-doped D-shaped double clad fiber (DCF) with a length of 5m. The diameter of the active core and inner cladding is 13µm and 400µm, respectively.
Pumping light with 808nm from a 5W laser diode is guided through a free space coupler to the fiber end that also acts as an output mirror (4% of reflectance) of the laser cavity. The output laser light is reflected by the wavelength-sensitive mirror 2 and measured by a photodiode. On the other end of the fiber the emerging laser light is collimated and then led through a polarizer and a 127 kHz-SCPEM and is finally reflected by a highly reflective interference mirror 1 to travel again through the SCPEM and the polarizer back to the fiber. [14] Fig . 4 shows one typical result of the measurements, namely a on the left hand side a 127 kHz pulse sequence at an average power of 50mW achieved with dual-mode-operation. The peak power is 1.5 W and the pulse duration is 300 ns. On the right hand side a comparison of single mode and dual mode pulses is shown. Note that the frequency is only half of the frequency of the transmission peaks (Fig. 5 ) since due to the low pumping level only for every second transmission peak sufficient energy is stored to emit a pulse. It is important to note, that the average power of the laser is hardly influenced by the modulator. [14] Recent work with a new but similar setup with higher power and a larger modulator (single mode) with a basic frequency of 95 kHz show similar results (Fig. 6) . Here the average power is 2.6W, with peak power of ~200W and pulse durations 120ns. Fig . 6 shows the high current that is generated by the SCPEM. This must be considered in the layout of the driver.
Further in Fig. 6 a comparison of the measured pulse form with the prediction from a simple model based on rate equations is depicted. The long tail of the measured signal cannot be tracked, but peak power and pulse width are well predicted. According to this numeric's dual mode operation would decrease the pulse duration.
SCPEM-Q-SWITCHING OF AN ND:YVO4-LASER [15]
The laser uses a V-shaped resonator design (Fig. 7) . A fiber-coupled (400µm diameter, NA = 0.22) diode-laser with maximum output power of 30.5W @ 808nm (current 45A) pumps a Nd:YVO 4 -crystal. The latter consists of an 8mm long doped crystal (0.3 at.%) with a 2mm undoped YVO 4 end-cap at the pump side to reduce thermal effects. The beam diameter is approximately 1mm and the beam quality is nearly diffraction limited.
A thin-film polarizer at Brewster angle is inserted into the resonator to enforce vertically polarized light. A Dual-Mode-SCPEM (DSCPEM) is placed between the reflecting end-mirror and the polarizer. In that way it works in a double pass configuration. In Fig. 8 one typical stable mode of pulsed operation is shown. Again the pulse repetition frequency is 127 kHz instead of the expected 254 kHz. It seems that the gain is too weak to cause pulsing at every transmission peak. In the left graph the pulse sequence is shown, obviously with peak powers varying in a range of ±10%. We believe that this and the observed unstable pulse sequences is related to a phenomenon explained in [16] , where externally imposed switching leads for certain repetition rates to varying pulse energies. The right graph shows one typical pulse showing a FWHMpulse-width of 70ns and a peak power of ~ 1100 W. The average power in pulsed operation was 9.8W and 10.5W in cwoperation (SCPEM off).
It must be noted that the pulse sequence becomes unstable or even chaotic for other retardation amplitudes. This behavior, similar to results reported in [16] , needs to be explored in future. Dual mode operation failed to work here and produced a chaotic output, too.
SCPEM-Q-SWITCHING OF AN ND:YAG-LASER
[17] Fig. 9 shows a sketch of the realized experiment. This laser is based on a side-pumped Nd:YAG-laser rod, with a length of 110mm and a diameter of 5mm. It is mounted in a flow tube that is supplied by the cooling water leaving the diode laser, which consists of 8 laser diode bars with 50W. The laser resonator uses currently two flat 100%-reflecting mirrors and a 0.5" polarizing beam splitter cube (PBSC), which enforces a vertical polarization in the resonator. This polarizer is optimized for the laser line 1064nm and is optically contacted and therefore suited for a cw-power-density of 1 MW/cm².
The reflection mode was chosen because these types of polarizer's works very well when used purely for reflection but have high reflection losses, when used for transmission only. The latter works as an out-coupler together with the SCPEM, which, when slightly tilted, add a horizontal component to the mainly vertically polarized light, such that any out-coupling rate at the PBSC can be realized. (Additionally, as an unwanted effect, the Nd:YAG rod becomes birefringent during operation due to thermal stresses and add therefore an undefined component to the out-coupling rate.) Fig. 10 shows on the right hand side one typical result of this experiment, the harmonic excitation of the modulator with 2.8V amplitude and a frequency of 95.1 kHz and the resulting pulse sequence with an average power of 45.5 W. The peak power is 4 kW, the pulse duration is 100 ns, and the pulse energy is 0.5mJ. It is important to note, that the average power of the laser is hardly influenced by the modulation, since when we switched off the modulator, the resulting cw-output power was in this case 47.8 W. One serious problem here is again the stability of pulsed operation that tends to switch to a chaotic output such that the described pulsed operation turned out to be not useful.
APPLICATIONS
Applications for the proposed pulsed operation may be found in fields where the simple laser structure is an important advantage and where the fixed pulse frequency does not represent a deficiency. Due to the high pulse repetition frequency even typical cw-applications can be addressed. Possible applications are:
-) micro-welding of metals, where pulsed operation is sometimes superior to cw-operation to obtain a high-quality welding seam [18] .
-) rapid prototyping of plastics, where some polymers need high optical peak powers to harden LiNbO3-SCPEM -) marking and chip-free cutting of glasses, where again only high peak powers can be effective [19] -) External frequency doubling for quasi-cw-applications, where high conversion efficiency can be expected due to the high peak powers
CONCLUSION AND OUTLOOK
Q-switching with SCPEMs of lasers proofed in three quite different solid state lasers to force a laser to pulsed operation, while the average power remains the same. Pulse durations are typically 1/100 of the pulse repetition time and pulse peak powers are typically by a factor 100 higher than the average power. Stable operation was achieved up to 45W with peak powers above 4kW and pulse durations of <100ns. Applications of this pulsed mode are rather found in typical cw-operations, where a "quasi-cw" source can introduce new and desirable qualities, like higher precision or stronger interaction with the work-piece. Further development will focus on the achievement of higher average power up to 100W with peak powers up to 10kW. Special care must be put on the stability of operation. Based on the collected experience we expect to realize a simple and cost-effective system to be used in classical cw-applications.
